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1. Introduction
Polymer nanocomposites based on nanosized carbon
allotropes are a hot research topic in the materials
field. Carbon nanotubes (CNT), both single [1, 2] and
multi-walled [3, 4], graphene (G) [5–8] or graphitic
nanofillers made of a few layers of graphene [9–12]
are used to improve properties such as mechanical re-
inforcement, electrical and thermal conductivity, ther-
mal and flame resistance, of thermoplastic [13–15],
elastomeric [14–18] and thermoset [19–21] matrices.
Such nanosized carbon allotropes can be dispersed
as individual particles in the polymer matrix and,
thanks to their high surface area, can establish large
interaction with the polymer, much larger than the
one observed with nanostructured carbon black (CB),
whose primary particles are fused together to form
aggregates [22]. Carbon black and carbon nanofillers
have been  separately investigated for quite a long
time. Recently, features such as crystallinity, shape
anisotropy, density, surface area and oil absorption of
CNT, a nanosized graphite and CB have been com-
paratively investigated [23, 24]. Moreover, studies
on synergistic effects have been performed, both in
thermoplastic [15] and elastomeric matrices [24–27].
In particular, in poly(1,4-cis-isoprene) as the poly-
mer matrix, the synergistic effect on the mechanical
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reinforcement of nanosized carbon allotropes and
CB has been clearly shown [25, 26] and correlation
has been established between the filler-polymer in-
terfacial area and the initial modulus of composites
with CNT, CB and with the hybrid filler system: a
master curve was obtained, able to fit all the exper-
imental points [25, 26].
It is well known that elastomeric composites, in order
to find large scale application, have to be not only
reinforced but also crosslinked. In most cases, cross -
linking is performed with sulphur based systems [28].
This work was aimed at investigating the effect of car-
bon allotropes on the crosslinking reaction of a diene
elastomer promoted by a sulphur based system. Car-
bon allotropes were selected with high surface area
(s.a.) to favour high interfacial area with  polymer
matrix. They were: CNT, a nano-sized graphite and
CB with s.a. higher than 100 m2/g. Composites were
prepared with the most important diene elastomer:
poly(1,4-cis-isoprene) from hevea brasiliensis, nat-
ural rubber (NR). Crosslinking reaction was inves-
tigated by means of rheometric tests performed at dif-
ferent temperatures. Parameters such as induction and
optimum time of crosslinking, minimum and maxi-
mum modulus were experimentally determined. The
kinetics of the vulcanization reaction was studied
through different models and eventually the autocat-
alytic one, which yielded  the best fitting of experi-
mental data, was selected to calculate  activation en-
ergy. Correlation between data arising from the
cross linking reaction and features of carbon al-
lotropes and composites, such as the specific inter-
facial area, is presented. Moreover, the reaction be-
tween CNT, the nanosized graphite with high surface
area (HSAG) and sulphur based systems was inves-
tigated. In order to elaborate a tentative interpreta-
tion of the experimental results, an alternative mech-
anism for the interaction of the crosslinking system
with the carbon allotropes is proposed.
2. Experimental part
2.1. Materials
All materials were used as received, without any pu-
rification.
Poly(1,4-cis-isoprene) from hevea brasiliensis (NR)
(EQR–E.Q. Rubber, BR-THAI, Eastern GR. Thailan-
dia – Chonburi) had trade name STR20 and 73
Mooney Units (MU) as Mooney viscosity (ML(1+4)
100°C).
Multiwalled carbon nanotubes (CNT) were Baytubes
C150 P from Bayer Material Science. The following
data were reported in the technical data sheet: chem-
ical purity 95% by weight, length in the 1–10 μm
range, a number of walls between 3 and 15 and outer
and inner diameters of 10–16 nm and 4 nm, respec-
tively. They were used as received, without any treat-
ment. Nanosized graphite (HSAG) was Synthetic
Graphite 8427® from Asbury Graphite Mills Inc.,
with 99,5% as carbon content. Carbon Black N326
and Carbon Black N110 were from Cabot, with 30
and 15 nm as mean diameter of spherical primary par-
ticles, respectively.
For the preparation of the elastomeric composites,
ingredients were: ZnO (Zincol Ossidi) Stearic acid
(Sogis), Sulphur (Solfotecnica), N-ter-butyl-2-ben-
zothiazyl sulfenamide (TBBS) (Flexyis) 1-dode-
canethiol, azobisisobutyronitrile (AIBN), Anthracene
were from Aldrich.
2.2. Reaction of carbon allotropes with
sulphur based compounds
Reactions were performed in a 100 mL two-neck
round bottomed flask, equipped with magnetic stir-
rer and kept under nitrogen atmosphere.
Reaction of CNT with 1-dodecanethiol
7.6 g (9 mL) of 1-dodecanethiol were poured into
the flask, 0.18 g of CNT were added and sonication
was performed at room temperature for 1 hour, with
a bath sonicator. 0.05 g of AIBN were then added and
the reaction mixture was kept at 80 °C for 5 hours
under stirring. The solid was suspended in ethanol,
filtered and washed until 1-dodecanethiol was not
detectable in the washing ethanol, through GC-MS
analysis.
Reaction of HSAG with 1-dodecanethiol
0.5 g of HSAG (6.9 mmol of aromatic rings),
2.36 mL of 1-dodecanethiol (9.9 mmol) and 0.05 g
of AIBN (304 μmol) were poured into the flask. After
20 minutes at room temperature, the mixture was
heated at 70 °C and maintained at this temperature
for 3 hours. The resulting mixture was cooled to room
temperature and 7 mL of ethanol were added. The
solution was centrifuged at 3000 rpm for 20 minutes.
Upon removing the liquid, 7 mL of ethanol were
added and the suspension was again centrifuged at
3000 rpm for 20 minutes. Upon verifying the absence
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of the thiol in washing ethanol, 0.64 g of solid were
finally recovered.
2.3. Characterization of carbon allotropes
pH
pH of carbon allotropes was determined according
to the standard ASTM D1512 method.
Brunauer–Emmett–Teller (BET) surface area
BET of carbon allotropes was determined according
to the ASTM D6556 method. Nitrogen adsorption at
liquid nitrogen temperature (–196 °C) was used to
measure surface areas of the samples with a Gemini
(Micromeritics) instrument. Before measurements,
powders were degassed at 300°C under nitrogen flow
for 30 minutes. The surface area values were deter-
mined by using multi – point BET analysis.
Dibutyl Phthalate (DBP) absorption
DBP absorption numbers were determined with
ASTM D2414 methods, performing the measure-
ments at room temperature with a Absorptometer C
(Brabender GMbH & Co. kt) instrument. Before the
adsorption measurement, carbon allotropes were
dried at 125°C for 1 hours.
Wide-angle X-ray diffraction (WAXD)
Patterns were taken, on pristine carbon allotropes and
on the composites, in reflection, with an automatic
Bruker D8 Advance diffractometer, with nickel fil-
tered Cu-Kα radiation (1.5418 Å), at 35 kV and
40 mA. The intensities of reflections were not cor-
rected for polarization and Lorentz factors, to allow
a better visibility of (00ℓ) peaks. d-spacings were cal-
culated using Bragg’s law [26]. The Dhkℓ correlation
length of CNT and HSAG crystals was determined
applying the Scherrer equation (Equation (1) [29]):
(1)
where: K is the Scherrer constant, λ is the wave-
length of the irradiating beam (1.5419 Å, CuKα),
βhkℓ is the width at half height, and θhkℓ is the diffrac-
tion angle. The introduction of a correction factor has
to be used in case βhkℓ is lower than 1°.
Values from the carbon allotropes characterization
are reported in Table 1.
Thermogravimetric analysis (TGA)
TGA tests under flowing N2 (60 mL/min) were per-
formed with a Mettler TGA SDTA/851 instrument ac-
cording to the standard method ISO9924-1. Samples
(10 mg) were heated from 30 to 300°C at 10°C/min,
kept at 300 °C for 10 min, and then heated up to
550 °C at 20 °C/min. After being maintained at
550 °C for 15 min, they were further heated up to
650°C with a heating rate of 30°C/min and kept at
650°C for 20 min under flowing air (60 mL/min).
2.4. Reaction of anthracene with
1-dodecanethiol
1 mL (4 mmol) of 1-dodecanethiol was poured in a
two rounded bottom flask and it was maintained
under vacuum for 20 min. After that N2 was fluxed in-
side the flask and 0.71 g (4 mmol) of anthracene were
added. After 10 minutes, 0.02 g of 2-2′-azoisobuty-
ronitrile (AIBN) were added. Then the reaction mix-
ture was heated to 70°C for 12 h. The reaction was
stopped just by drying, obtaining 0.8 g of yellow
crystals.
2.5. Reaction of anthracene with sulfur
Anthracene (0,100 g, 0.6 mmol) and sulfur (12 mmol)
were poured in a reaction vial equipped with cap and
magnetical stirrer. The reaction mixture was main-
tained under stirring for 12 hours at 151 °C. After
this time the mixture was cooled to room tempera-
ture, solubilized in chloroform, filtered and analyzed
by GC-MS (gas chromatography – mass spectrome-
try). EIMS m/z 400 [M]+, 272, 176.
cos
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Table 1. pH, BET surface area, DBP absorption numbera and number of graphene layers stacked in the crystalline domain
for carbon allotropes (n.d. = not determined)
amL of absorbed DBP/100 grams of carbon allotrope
Carbon allotrope pH
BET surface area
[m2/g]
DBP absorption number
[mL/100 g]a
Number of stacked layers
In pristine filler In the composite
CB N326 5.7–9.7 77 85 5 n.d.
CB N110 6.9–9.5 137 113 n.d. n.d.
CNT n.d. 200 316 10 12
HSAG 4.6 330 162 35 70
2.6. Preparation of composites
Composites were prepared using a Brabender® type
internal mixer, with 50 mL mixing room.
The standard ASTM D3184 – 89 formulation, shown
in Table 2, was adopted as the recipe, as compounds
were based on natural rubber. In fact, such formula-
tion is a standard formulation for natural rubber based
compounds. Carbon allotropes were fed in two dif-
ferent contents: 4 and 35 phr.
The rubber was introduced into the mixer at 80 °C
and masticated for 1 min, with rotors rotating at
60 rpm. The filler was added and mixing was carried
out for 5 min. The masterbatch was discharged at a
temperature ranging  from 110 to 115°C and fed again
to the mixer after 16 h, leaving it in the mixer at 60°C
and 30 rpm for 1 min. Vulcanization ingredients were
added and mixing was performed for further 5 min.
All the composites were finally homogeneized by
passing them 5 times on a two roll mill operating at
room temperature. Such mixing procedure has been
already adopted in previous works [24–26] and al-
lowed to obtain even distribution and dispersion of
the carbon fillers, both nano- and nano-structured, as
revealed by transmission electron microscopy. In par-
ticular, composites based on synthetic poly(isoprene)
were prepared with amount 30 phr of the same CB
and CNT used in the present work and with 33.3 phr
of HSAG.
2.7. Characterization of composites
Crosslinking reaction
It was studied at 151, 160, 170, 180°C with a Mon-
santo oscillating disc rheometer (MDR 2000), deter-
mining the torque, expressed in dNm, required for the
disc oscillation. Minimum modulus ML, the maxi-
mum modulus MH, the modulus Mfinal at the end of
the crosslinking reaction, the time ts1 required to
have a torque equal to ML + 1, the time t90 required to
achieve 90% of the maximum modulus MH. t90 is cal-
culated from MH – ML. Rheometric experiments
were repeated three times for each sample and, in the
graph, the average curve is reported. The variation
coefficient was found to be below 3%.
Crosslink density was determined by equilibrium
swelling measurements performed in toluene as the
solvent, at 20 °C. Specimens for the measurement
were 1 mm×15 mm×15 mm.
Total crosslink density
Before performing the measurement of total crosslink
density, samples were swollen in n-heptane for two
days under nitrogen atmosphere, to allow reagents’
diffusion. N-heptane was then drained and samples
were washed with petroleum ether and dried under
reduced pressure overnight at room temperature.
Samples were then immersed in 200 mL of toluene,
in a glass tube flashed with nitrogen and closed with
a cap, and were left in the dark for 72 hours, time
commonly considered suitable to reach the equilib-
rium swelling state. Samples were then taken from the
glass tube, the excess of solvent was removed by
blotting the samples with a filter paper. Samples were
finally and rapidly placed in a clean closed small con-
tainer and were weighed. Samples were then dried for
24 hours under vacuum at 70°C, to remove the sol-
vent, and were then weighed again, to obtain the
weight of the dry network and the amount of sorbed
solvent.
Flory-Rehner equation (Equation (2) [30]), was then
used to calculate the cross-link density:
(2)
where νe: effective number of chains in a real net-
work per unit volume, Vr: volume fraction of poly-
mer in a swollen network in equilibrium with pure
solvent and is calculated as shown in Equation (3):
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Table 2. Compounds formulation (standard formulation:
ASTM D 3184 – 89)
bCB N326, CB N110, CNT, HSAG
Ingredients phr phr
NR 100.0 100.0
Fillerb 4.0 35.0
ZnO 6.0 6.0
Stearic acids 0.5 0.5
Sulphur 3.5 3.5
TBBS 0.7 0.7
(3)V s
Density of dry rubber
Weight of dry rubber
Density of dry rubber
Weight of solvent absorbed by ample
Density of dry rubber
Weight of dry rubber
r =
+
χ1: polymer-solvent interaction parameter (0.391 at
25°C for cis polyisoprene as polymer and toluene as
solvent), V1: molecular volume of solvent.
Mono and di-sulfidic crosslinks measurement
For this measurement, the following procedure was
adopted. In a 200 mL beaker, 100 mg of the cross -
linked composite and 100 mL of heptane were placed,
in sequence. The sample was left in heptane for
24 hours without stirring and were then added 4 mL
of piperidine and 3.8 mL of propanethiol, leaving
this mixture at room temperature for 2 hours. The
mixture was first washed with heptane (3 times with
50 mL) and then filtered. The solid was left again in
heptane (50 mL). After 24 hours, the solvent was re-
moved, the solid was washed with petroleum ether
(3 times with 50 mL) and then filtered using a vac-
uum pump. The solid obtained was left in 50 mL of
petroleum ether for 2 hours, then was filtered under
vacuum. Further drying was performed under vacu-
um for 24 hours. The resulting sample was again im-
mersed in 200 mL of toluene for 72 hours, to achieve
the equilibrium swelling state. The same procedure
reported above for the measurement of the total cross -
link density was followed.
Correction to take into account the presence of
carbon filler
It is well known that rubber chains are absorbed on
filler particles, which act as physical crosslinks and
create swelling restrictions, enhancing the apparent
crosslink density. In order to obtain the actual cross -
link density, correction was introduced according to
ref. [31], estimating the correction factor as a func-
tion of DBP absorption number.
Determination of degree of curing α
The degree of curing α was determined through
Equation (4).
(4)
where Mt is the modulus (torque) at given curing time
t, M0 is the modulus at t = 0, Mfin is the modulus at
the end of the crosslinking reaction.
Determination of kinetics parameters via
autocatalytic model
Kinetic parameters were determined by applying the
autocatalityc model, through Equation (5):
(5)
where m is the autocatalytic index, n is the catalytic
index and k is the kinetic constant.
The values of k, n, and m, at the different tempera-
tures, were calculated with MatLab through linear
multiple regression analysis of the experimental
data, as reported in Figure 1.
Determination of the activation energy
The activation energy was calculated with the Arrhe-
nius equation (Equation (6)):
(6)
A plot of lnK versus 1/T gives a straight line of slope
(–Ea/R), where Ea is the activation energy generated
during the vulcanization reaction and R is the gas
universal constant.
Determination of bound rubber
Bound rubber was determined on uncrosslinked com-
posite by using toluene as the solvent, by applying the
following procedure. 200 mg of each sample were
cut into small pieces and placed in a stainless steel
wire mesh cage. The cage was immersed in 25 mL of
toluene for nine days at room temperature and the
solvent was renewed every three days. At the end of
this period, the cage and the composite were dried for
one day at room temperature in air and then for
24 hours at 70°C under vacuum. Bound rubber was
calculated through Equation (7):
(7)
where Wfg is the weight of carbon black and gel, mf
is the weight of the filler in the compound, mp is the
M M
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Figure 1. Linear multiple regression analysis of the experi-
mental data
weight of the polymer and W is the weight of the
specimen.
3. Crosslinking reaction of composites based
on NR and carbon allotropes
3.1. Experimental data
Characteristics of carbon allotropes selected for the
present study are shown in Table 1: pH, surface area,
absorption of di-isobutyl-phtalate, number of graphene
layers stacked in crystalline domains, both in the pris-
tine allotrope and in the crosslinked composite. pH
values lie in the range from about 5 to about 10. It is
worth observing that different samples of the same
type of carbon black revealed different pH. Surface
area was determined through BET measurements. It
can be seen that CNT, CB N110 and HSAG have
large surface area, higher than 130 m2/g. In particu-
lar, very high surface area was determined for HSAG.
Surface area values were used to calculate the spe-
cific polymer-filler interfacial area Ai, through the
product s.a. * ρ * ϕ, where s.a. is the surface area, ρ
is the filler density and ϕ is the filler volume fraction.
The oil absorption of carbon allotrope was deter-
mined in order to investigate the real accessibility of
the carbon allotropes to the polymer chains. Corre-
lation between surface area and oil absorption ap-
pears for CNT, CB N110 and for the CB grade with
lower surface area, CB N326, whereas the oil ab-
sorption for HSAG appears relatively low. The num-
ber of graphene layers stacked in crystalline domains
was calculated by applying the Scherrer equation
(see experimental section) to the (002) reflection in
the XRD pattern, as already reported [23]. For HSAG,
such number is about 35 in its pristine state and in-
creases to about 70 in the crosslinked composite. The
number of stacked layers appears to increase also for
CNT, from the pristine allotrope to the crosslinked
composite. As already commented in previous pub-
lications [25, 26], a remarkable pressure is applied on
the rubber sheet, during the crosslinking step. As a
consequence, the rubber composite moves towards
a minimum of energy and the graphitic aggregates
achieve a higher degree of order.
Formulations adopted for the preparation of the com-
posites are shown in Table 2. Two series of compos-
ites were prepared, with two contents of carbon al-
lotropes, 4 and 35 parts per hundred rubber [phr], as
the objective was to study the effect of carbon al-
lotropes in the absence and in the presence of con-
tinuous filler network. In fact, in previous studies, it
was found that the percolation threshold in poly(1,4-
cis-isoprene) matrix occurred at about 7, 21 and
30 phr for CNT [24], HSAG [25, 26] and CBN326
[25] respectively.
Sulphur-based crosslinking reactions of all of the com-
posites were studied through rheometric analysis.
Table 3 and Table 4 report values of ts1 and t90 meas-
ured at 151, 160, 170 and 180°C, for composites with
4 and 35 phr of carbon allotrope, respectively. ts1 and
t90 indicate induction and optimum time of crosslink-
ing, respectively.
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Table 3. Kinetic parameters from rheometric tests for the
crosslinking of composites with 4 phr of different
carbon allotropes
Table 4. Kinetic parameters from rheometric tests for the
crosslinking of composites with 35 phr of different
carbon allotropes
Filler
T
[°C]
ts1
[min]
t90
[min]
k m n Ea
[kJ/mol]
C
B
 N
32
6 151 6.5 12.6 0.6 0.6 1.3
85
160 3.7 7.1 1.2 0.8 1.3
170 1.8 3.6 2.1 0.8 1.2
180 1.1 1.9 3 0.7 1
C
B
 N
11
0
151 6.6 12.6 0.4 0.3 1
114
160 3.5 6.9 1 0.6 1.2
170 1.8 3.5 1.7 0.6 1.1
180 1.1 1.9 3.1 0.7 1
C
N
T
151 6.2 12.7 0.6 0.6 1.3
92
160 3.4 7 1.1 0.8 1.2
170 1.7 3.6 2.1 0.9 1.2
180 0.9 1.9 3 0.7 1
H
S
A
G
151 4.2 9.5 0.7 1 1.5
81
160 2.5 5.4 2.4 1.1 1.6
170 1.4 2.9 2.8 0.9 1.3
180 0.9 1.7 4.3 0.9 1.2
Filler
T
[°C]
ts1
[min]
t90
[min]
k m n Ea
[kJ/mol]
C
B
 N
32
6 151 4.2 11.1 0.6 0.6 1.4
91
160 2.2 6.2 1 0.7 1.2
170 1.2 3.3 2 0.7 1.3
180 0.7 1.8 3 0.6 1.1
C
B
 N
11
0
151 4.3 12.6 0.3 0.3 1.0
100
160 2.2 6.8 0.6 0.4 1.0
170 1.2 3.5 1.2 0.5 1.0
180 0.7 1.9 2.6 0.6 1.0
C
N
T
151 2.3 11.3 0.4 1 1.1
118
160 1.3 6.1 0.8 1.3 1.1
170 1.2 3.3 1.4 1.2 1.1
180 0.7 1.8 2.7 1.0 1.0
H
S
A
G
151 3.1 66.1 1.4 1.2 1.1
154
160 1.3 27.7 1.7 1.3 1.0
170 1.2 11.5 2.3 1.4 1.1
180 0.9 5.1 3.8 1.2 1.0
Figure 2 shows the rheometer curves obtained at
151 °C for composites either without carbon al-
lotropes or containing 4 phr (Figure 2a) or 35 phr
(Figure b) of one carbon allotrope.
From the inspection of data in Table 3 and in Table 4,
the following comments can be made. Crosslinking
reaction became faster by increasing the tempera-
ture, in the range from 151 to 180°C: values of ts1 and
t90 consistently decrease. This finding was quite ex-
pected. At the lowest temperatures, 151 and 160°C,
lower values of ts1 were obtained with carbon al-
lotropes having higher surface area, CNT and HSAG.
However, the analysis of t90 values reveals a peculiar
behavior of HSAG: the optimum time of vulcaniza-
tion is slightly lower at 4 phr and considerably high-
er at 35 phr, at all the crosslinking temperatures. Cross -
linking reaction became faster in the presence of
carbon allotropes above their percolation threshold
(35 phr), as revealed by curves in Figure 2, taken at
151°C. At 4 phr as carbon allotrope content, cross -
linking was accelerated only by HSAG. Curves in
Figure 2 show also that the increase of carbon al-
lotrope content leads to the increase of the highest
composite modulus (MH). CNT based composites
achieve the highest MH values, below and, in partic-
ular, above the percolation threshold. The MH of
composites with HSAG increases to a minor extent,
passing from 4 to 35 phr as the carbon allotrope con-
tent and, at 35 phr, becomes lower than MH of com-
posites based on CB. MH values are usually correlat-
ed to the structure of the crosslinking network, i.e.
with density and length of the sulphur bridges. Cross -
linking density was determined through swelling
measurements, by applying the Flory-Rehner equa-
tion [30], and the length of the sulphur bridges was
assessed through the so called thiol-amine chemistry,
as described in the experimental part. Data from the
analysis of the crosslinking network are shown in
Table 5. Details for the determination of crosslinking
density and of the length of sulphur bridges are in the
experimental part.
The highest crosslinking density was found in com-
posites based on CNT, in particular above the per-
colation threshold of the carbon filler. Composites
based on the other carbon allotropes show similar
crosslinking density. The distribution of sulphur
bridges length is characterized by the largely prevail-
ing amount of polysulphidic bridges. At 4 phr as car-
bon allotrope content, composites based on CNT and
HSAG have lower amount of short sulphur bridges.
At 35 phr as carbon allotrope content, similar distri-
bution of bridges was detected in the presence of the
two CB grades and CNT, whereas HSAG revealed a
peculiar behavior: composites became soluble when
the thiol-amine reaction was performed.
Experiments were also carried out in order to deter-
mine bound rubber values of binary composites, con-
taining only the rubber and the carbon allotrope. It
was not possible to evaluate bound rubber for com-
posites with 4 phr of filler, because samples were
dissolved during the analysis. On the contrary, bound
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Figure 2. Rheometer curves obtained at 151 °C for NR based composites containing different carbon allotropes contents:
4 phr (a), 35 phr (b)
Table 5. Crosslinking density and length of sulphidic bridges
for composites based on NR and 4 and 35 phr of
carbon allotropes, crosslinked with sulphur based
system
*Not determinable
Carbon
allotrope
phr
Total X-link
[mol/g · 10–5]
Mono and
di-sulfide
[% mass]
Poly-
sulfidic
[% mass]
CB N326
4
2.6 37 63
CB N110 2.7 32 68
CNT 3.8 27 73
HSAG 2.9 22 78
CB N326
35
3.2 30 70
CB N110 2.4 27 73
CNT 6.5 29 71
HSAG 2.4 * *
rubber was evaluated for composites based on 35 phr
of carbon allotropes. Data are shown in Table 6.
Data in Table 6 show that bound rubber increases with
the surface area and is particularly high for nano -
fillers such as CNT and HSAG.
3.2. Elaboration of experimental data
Data from rheometric measurements performed at
151, 160, 170 and 180°C was elaborated in order to
study the kinetics of the crosslinking reactions. The
torque measured during the rheometric test, that in-
dicated the stiffness of the composite, was assumed
proportional to the crosslinking density. The torque
value at t = 0, at a given curing time t and at the end
of the crosslinking reaction were determined and the
degree of curing (α) was calculated from Equation (4)
reported in the Experimental part. The dependence
of α on t and T was investigated by means of three
different models [32–36]: induction inflation point
[32], exponential [34] and autocatalytic [35, 36].
The latter model is the one discussed here, as it gave
the best fitting of experimental data (see Figure 1).
In an autocatalytic crosslinking, the maximum rate
occurs at a conversion degree other than zero be-
cause the reaction is promoted by some of the reac-
tion products. The autocatalytic model is described
by Equation (5) reported in the Experimental part
and is based on the following parameters: the kinetic
constant (k), the catalytic index (n) and the autocat-
alytic index (m). Values of such kinetic parameters
are shown in Table 3 and in Table 4, for 4 and 35 phr
as carbon allotrope content, respectively. It appears
that, with the increase of crosslinking temperature,
k values consistently increase, whereas variation of
both catalytic and autocatalytic indexes can not be ap-
preciated. The Arrhenius equation (Equation (6) in the
Experimental part) was then adopted to calculate the
activation energy (Ea) of the crosslinking reaction.
Values are shown in Table 3 and 4, for composites
with carbon allotropes at 4 and 35 phr content, re-
spectively. It is well known that the activation energy
is an indication of temperature effect on a reaction:
the lowest is Ea, the largest is the variation of k with
temperature. As shown by data in Table 4, lowest
values of t90 at the highest temperature are obtained
in the presence of low Ea values.
It was then attempted to identify criteria suitable for
the rationalization of the data so far reported, aiming
in particular at correlating the behaviour of the cross -
linking reaction with the features of the carbon al-
lotropes. As mentioned in the introduction, correla-
tion has been established in the literature between the
initial modulus of composites based on CNT, CB and
on the hybrid CNT/CB system and the filler-polymer
interfacial area, deriving a master curve able to fit all
the experimental points [25, 26]. Also in this work,
the specific interfacial area, calculated as reported
above, was selected as the parameter for correlating
data arising from  crosslinking reactions.
Graph in Figure 3 reports the values of ts1 induction
time (values are in Table 3 and Table 4), normalized
with respect to ts1 value of the neat matrix, as a func-
tion of the specific interfacial area.
It appears that the induction time of the crosslinking
reaction almost monotonously decreases as the in-
terfacial area increases, achieving a sort of plateau
for interfacial area values close to 60 (1/μm). A fit-
ting line has been drawn (R = 0.901).
Correlation was also attempted between the activa-
tion energy (values are in Table 3 and in Table 4) and
the specific interfacial area, as it is shown in the
graph in Figure 4.
Good correlation can be seen between Ea values and
the specific interfacial area. It appears that the acti-
vation energy increases with the specific surface
area. A fitting line has been drawn (R2 = 0.9883). To
confirm the existence of a plateau, for low values of
surface area, more data would be needed.
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Table 6. Values of bound rubber for composites based on NR
and 35 phr of carbon allotropes
Carbon allotrope Bound rubber
CB N326 22.1
CB N110 31.5
CNT 43.7
HSAG 46.8
Figure 3. ts1/ts1matrix ratio as a function of specific interfa-
cial area for NR based composites vulcanized at
151°C
3.3. Discussion
The good correlation, observed in graphs of Figure 3
and Figure 4, between specific interfacial area and
either the induction time or the activation energy of
crosslinking, indicates that carbon allotropes quite
different from each other, such as CNT, a nanosized
graphite and two CB grades, have the same behaviour
in sulphur based crosslinking of natural rubber. This
intriguing result is unprecedented and deserves in-
deed to be discussed.
The correlation with the specific interfacial area is
based on the assumption that the surface area deter-
mined through BET measurements is the actual sur-
face of carbon allotropes accessible to the other com-
posite ingredients. As a matter of fact, actual acces-
sibility of carbon allotropes to the polymer chains is
better indicated by the oil absorption. As mentioned
above in the text, good correlation between surface
area and oil absorption was found for CB N326, CB
N110 and CNT, whereas the oil absorption of HSAG
appeared relatively low. This result could be justified
if we take into consideration that graphene layers in
HSAG are stacked in crystalline domains, more ac-
cessible to the small nitrogen molecules used for BET
analysis than to the polymer chains. It is worth not-
ing that the number of graphene layers stacked in a
crystalline domain was found to increase (from 35
to 70, see Table 1) from pristine HSAG to the cross -
linked composite. This indicates a further reduction
of the actual HSAG/polymer interfacial area. The in-
crease of the number of stacked layers, observed also
for CNT (see Table 1), could be due to the energy
applied during vulcanization, which brings the car-
bon allotropes to their minimum level of energy, i.e.
to the most crystalline aggregate. It is also worth re-
porting that the master curve, able to correlate com-
posite initial modulus with interfacial areas [25, 26],
could not fit points of HSAG based composites. In
line with what was discussed before, this was ex-
plained with the lower actual accessibility of HSAG
to the polymer chains. In conclusion, values of inter-
facial area for HSAG based composites in Figure 3
and Figure 4 could be overestimated. This means
that the reduction of induction time and the increase
of activation energy could be more pronounced.
Graph in Figure 2 shows that the crosslinking reac-
tion (at 151°C) becomes faster as the interfacial area
with the carbon allotrope increases. It is widely ac-
knowledged that carbon allotropes promote faster vul-
canization reactions. This was reported for CB, show-
ing that degree of cross-linking and cure rate increased
and optimum cure time and scorch time decreased
by increasing surface area and sulphur content [37–
39]. A lot of data is available for carbon allotropes in
isoprene matrix, both NR [40–43] and synthetic iso-
prene rubber [25, 26]. In the case of CNT, single
walled CNT were shown to reduce the activation en-
ergy and to accelerate vulcanization [40]. Accelera-
tion of curing was found also in the presence of
CB/CNT hybrid system [25, 26, 43, 44]. It is worth
observing that consistent reduction of scorch and
curing time was obtained by increasing the relative
amount of CNT in the CB/CNT mixture [42]. In the
case of nanosized-graphite, scorch and optimum
time of vulcanization were reduced by adding HSAG,
more clearly in the absence but also in the presence
of CB [25, 26] and by adding expanded graphite to
E-SBR, also in the presence of CB [45]. In published
papers explanations of these results are not so clear-
cut. In most cases, they are justified with the larger
heat transfer and the basic pH of the carbon al-
lotropes, though also the residual amount of catalyst
used for CNT synthesis is taken into consideration
[41]. Correlation with the interfacial area has never
been reported. Data shown in Table 1 allows to com-
ment the hypothesis about the basic pH: the correla-
tion shown in the graph of Figure 2 is based on car-
bon allotropes whose pH is in the range from about
5 to about 10. Hence, the basic pH can not be taken
as the prevailing explanation.
However, the most surprising result of the present
work is the one shown in Figure 4: the activation en-
ergy of vulcanization increases with the specific in-
terfacial area. As mentioned above, the interfacial area
calculated for HSAG could be overestimated and
points due HSAG in the graph of Figure 3 could be
shifted leftward. This would confirm the plateau re-
gion at low interfacial area values and would suggest
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Figure 4. Trend of activation energy with interfacial specific
area for compounds based on NR
an exponential growth of the activation energy as a
function of the interfacial area. A first explanation of
such behaviour could make reference to the absorp-
tion of the vulcanization chemicals on the carbon al-
lotrope surface.
There are however other unexpected results that
could hardly be justified by the considerations so far
reported. CNT based composites revealed the largest
crosslinking density, with a striking increase when
the filler content increased from 4 to 35 phr. Compos-
ites based on HSAG have the lowest value of MH at
35 phr (see Figure 2b) among the filled composites,
with very minor MH increase with respect to the com-
posite with 4 phr as HSAG content. Moreover, com-
posites with 35 phr as HSAG content become solu-
ble when undergoing thiol-amine reaction. In order
to give a reasonable explanation of these results, the
reactivity of carbon allotropes with sulphur based
chemicals was investigated.
4. Reactivity of sulphur with carbon
allotropes and hypothesis for the
crosslinking
4.1. Experimental data
Reaction of CNT and HSAG with 1-dodecanethiol
was performed in the presence of a radical initiator,
AIBN, and in the absence of solvents, as described
in the experimental part. Elemental analysis of reac-
tion products showed the presence of sulphur bound
to both carbon allotropes, 12 and 10 as mass%, for
HSAG and CNT respectively. These results were con-
firmed by TGA analysis, which revealed thermal sta-
bility for both adducts up to about 230°C. Free rad-
ical assisted reaction of a thiol with CNT has been
recently reported in published papers [46]. Reaction
was also performed between 1-dodecanethiol and a
polycyclic aromatic compound such as anthracene,
selected as model compound of the carbon allotropes,
in particular of flat graphene layers (details are in the
experimental part). GC-MS analysis of pristine an-
thracene and of the reaction product confirmed the
addition of  thiol to the aromatic substrate. Figure 5
shows the 1H NMR spectra of pristine anthracene
(Figure 5a) and of the reaction product (Figure 5b).
The upfield shift of the peaks due to H1, H2, H3 and
H4 atoms are due the formation of C–S bonds.
Such findings suggest that sulphur addition occurs
on the edges of HSAG graphene layers. Indeed,
HSAG is characterized by the relevant presence of
electronically perturbed edges [47], which could be
suitable sites for the reaction with sulphur.
Reaction was also performed between anthracene
and sulphur, at 150°C for 12 hours (details are in the
experimental part). The product of this reaction was
analyzed through mass spectrometry, which revealed
the formation of only one clearly detectable product.
Figure 6 shows the GC-MS spectrum and the identi-
fied product: anthraceneheptasulfane. Benzopolysul-
fanes are naturally occurring products, which contain
mainly 3 and 5 sulphur atoms rings. In published
paper [48], it is reported that the addition of S8 to
1,2-benzodithiol, in CH2Cl2, leads to an equilibrium
mixture of olysulfanes, with sulphur rings containing
3, 5 and 7 atoms.
These findings demonstrate that carbon allotropes
with high surface area such as CNT and HSAG are
able to react with sulphur and sulphur based com-
pounds. It is worth observing that, in the case of
HSAG, functionalization occurs on the edges.
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Figure 5. 1H NMR spectra of Anthracene (a) and of the an-
thracen-9-yl(dodecyl)sulfane reaction product (b)
Figure 6. GC-MS spectrum of product of the reaction be-
tween anthracene and elemental sulfur
4.2. Discussion
Results reported in the previous paragraph allow to
elaborate an alternative working hypothesis for the
mechanism of sulphur based crosslinking of unsatu-
rated polymer chain, in the presence of carbon al-
lotropes. The proposed mechanism, sketched in Fig-
ure 7, hypothesizes that the carbon allotrope takes
part in the vulcanization reaction. In fact, the carbon
allotrope is supposedly able to accept electrons from
sulphur, with the subsequent formation of radical
cations, favouring the quick start of the vulcanization
reaction. Electrons, that could remain on carbon,
would then be responsible for the higher activation
energy.
Such mechanism is helpful for the explanation of
data and elaborations reported above.
The largest crosslinking density measured for the
CNT based composites could be attributed to the
ability of the tubes to take part in the crosslinking
network, as single tubes or as entangled coils. This
hypothesis could account for the striking increase of
crosslinking density of CNT based composites, when
the filler content increased from 4 to 35 phr. It is worth
recalling that CNT have high surface area and that the
bound rubber, determined for the composite based
on 35 phr of CNT, was large indeed, almost twice as
large as the CBN326 based composite. The large
CNT-NR interfacial area could definitely favour a
pronounced interaction and thus a high crosslinking
density. However, it is worth recalling that the value
of crosslink density was calculated taking into con-
sideration the presence of the filler, estimating its
ability to interact with the polymer matrix on the
basis of DBP absorption number (see the experimental
part). It is worth adding that, in the frame of the pres-
ent investigation, other surface features should be
considered, such as  surface activity and degree of
disorder. At present, comparative investigation has
not been performed.
Some of the authors reported Raman spectra of HSAG
[47]. In a Raman spectrum, lines D and G, located at
1350 and 1590 cm–1 respectively, indicate the pres-
ence of graphitic sp2-phase. The G peak is typical of
bulk crystalline graphite (graphene) and the D peak
occurs with the presence of either disorder or con-
finement (e.g. by edges) of the graphitic layers [49–
54]. HSAG, obtained by milling, revealed a D peak
with remarkable intensity. Higher degree of disorder
could be expected to bring to larger reactivity. In
spite of large surface area and bound rubber and the
relatively large degree of disorder, composite with
35 phr of HSAG revealed lower crosslinking density
and MH values with respect to composites with 4 phr
and became soluble during the thiol-amine reaction.
These findings could be interpreted in the light of
the observed ring formation on anthracene substrate.
Such ring formation suggests that a polycyclic aro-
matic compound, such as the graphene layers in
HSAG, can seize sulphur. This could prevent the for-
mation of the crosslinking network, thus justifying
the decrease of crosslinking density of HSAG based
composites when the filler increased from 4 to 35 phr,
the low value of MH and the solubility (after of the
thiol-amine reaction) of composites with 35 phr of
HSAG. The reduction of crosslinking density of
N110 based composites, when the filler increased
from 4 to 35 phr, could be explained in the same
way, at least as a tentative working hypothesis.
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Figure 7. Proposed mechanism for the reaction of sulphur with a carbon allotrope
5. Conclusions
This work demonstrates that carbon allotropes quite
different from each other such as CNT, HSAG and
different grades of CB have a common behaviour in
the sulphur based crosslinking of a diene rubber such
as NR. Reasonable explanation of the experimental
results could be based on the reactivity of the carbon
allotropes with sulphur and with the sulphur based
chemicals of the crosslinking system.
Crosslinking reactions were performed in tempera-
tures ranging from 151 to 180 °C, determining in-
duction time ts1, optimum time t90 and activation en-
ergy Ea of the reactions, through the application of the
autocatalytic model of vulcanization. The interfacial
area was found able to correlate ts1 and Ea values: con-
sistent decrease of ts1 (normalized with respect to ts1
of the matrix) up to a plateau region and almost ex-
ponential increase of Ea, after a short initial plateau,
were observed, as a function of the interfacial area.
Sort of master curves could be identified. It is well
known that the term ‘master curve’ should be used
to describe physical changes in large range of time.
However, as reported in the text above, it has been
used [22] for describing the correlation between filler-
polymer interfacial area and modulus data of com-
posites with CNT, CB and with hybrid filler systems.
In the light of that, master curve is used also in the
present work and allows to emphasize the key role
played by the interfacial area.
The structure of the crosslinked materials was ob-
served to depend on the carbon allotrope, when its
content was above the percolation threshold. Cross -
linking density was similar for CB and HSAG and
appreciably higher for CNT based composites. More-
over, HSAG based composites were soluble in hy-
drocarbon solvents, after the reaction with a thiol.
Free radical assisted reactivity of CNT and HSAG
with a sulphur compound was demonstrated, prepar-
ing adducts of such carbon allotropes with 1-dode-
canethiol and performing the reaction of the thiol
with anthracene.
Faster vulcanization reaction in the presence of car-
bon allotropes is prevailingly explained in published
papers with better heat transfer and with the basic
pH of the carbon allotropes. The present work ad-
vises to critically revise this hypothesis, as pH values
of the carbon allotropes were in a pretty wide range,
from acidic to basic values. Larger activation energy
could be simply due to the absorption of vulcanization
chemicals on the filler surface. An alternative hy-
pothesis, able to justify the common behavior of
CNT, HSAG and CB, is  proposed here. The quick
start of vulcanization could be due to electron trans-
fer from sulphur to the carbon allotrope. Such elec-
trons, lying on the carbon surface could then be re-
sponsible for  higher activation energy.
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